Potable water treatment is one of the most challenging and complex systems that municipalities need to deal with considering limited resources. The average age of continuously deteriorating Canadian water supply system was 36 years and that would require 3.1 billion dollar to bring the system at satisfactory level. Operators have little attention to plant infrastructure and equipment compared to water quality and day-to-day operational activities. Water treatment plant (WTP) includes several elements, such as tanks, basins and pumps. Essential condition parameters are selected including technical, physical, environmental, and operational aspects of WTP. Data on the WTP conditions are collected from experts and consultants in this domain. The targeted experts were operators, designers, consultants, regulators and researchers across Canada and few from abroad. To determine the condition index of a WTP element, value additive multi-attribute theory (MAUT) has been used where average weights and scores are considered. It is concluded that the average condition index for settling basin ranges from 9.6 (best scenarios) to 1.9 (worst scenarios) and from 9.6 to 3.4 for pumps of WTP. Analysis reveals that, for tank and basins, design and construction stage is the most important parameter to the WTP condition. On the contrary, operational parameter is the most important for pumps. The study also highlights durability issues and details in structural design as the most important parameters for future condition of tanks and basins. However, operation and maintenance practice are the most important parameters for pumps.
Introduction
Drinking water government authorities are concerned with managing the deteriorated DWTP across Canada and the United States. According to Mirza and Hider (2003) , 43% of water supply systems, in Canada, are in unsatisfactory condition. The average age of water supply system is estimated to be 36 years. It is estimated that $3.1 billion is required to bring water supply systems to acceptable levels of performance at the national level (Mirza and Hider, 2003) . The average age of Canada's municipal infrastructure is 42 years (Allouche and Freure, 2002) . A study estimated a need of $125 billion over a 20-year period for the 756 largest cities in US (Grigg, 1992) . Water system is one of the six infrastructures identified as most critical. The American Society of Civil Engineers (ASCE) estimated a near failing grade of "D-" for the drinking water infrastructure (AWWA, 2005) . In the United States, 54,000 drinking water systems face annual shortfall of at least $11 billion for the replacement of aging facilities and adherence to water regulations. An investment of billions of dollars is needed for system inspection, repair, replacement and rehabilitation, which clearly indicates the importance of condition assessment for drinking water plant elements.
A typical water system consists of intake, transmission, treatment and distribution. The physical, operational, and environmental conditions for water treatment plant must be analyzed. The uncertainty level and risk of time dependent factors increase with age, which thereby creating very challenging situations for managers to plan future short and long term operation and maintenance protocols. The massive involvement of specialized personnel, reliable databases, substantial time, application of cutting-edge technology and equipment are required for an effective condition assessment, which will be too costly for most municipalities. The cost-effective way of accomplishing this task is to perform a quick and effective condition assessment and then decide whether a more detailed assessment is required.
The prime goal of this study is to develop a condition rating (CR) model based on multicriteria analysis. Uncertainty is introduced to the model through the interpretation of model outputs from simulation. Model parameters are selected based on the factors that affect the WTP condition in which the principles of analytical hierarchy process (AHP) and multiattributes utility theory (MAUT) can be applied. Eigen vector method is used to estimate the weight of parameters and to measure preferences through the opinions of experts using a 0-10 preference scale.
Literature Review
A comprehensive literature review of the current study gives an impression that most of the research work on WTP deals with water quality. With few exceptions (UK: AWWARF, 2000 and Australia: GAMS, 2006), the national and provincial level water authorities in Canada have developed the "Drinking Water Inspections Protocol-2003" in Ontario (ON) and "Drinking Water Guidelines-2005" in British Colombia (BC) . They are mostly limited their initiatives for WTP condition to only introducing guidelines and best practices manuals.
Condition assessment is a process of measuring the physical condition of system components using objective criteria. The process should include safety and structural integrity, capacity, quality of service, role, age, etc. (Grigg, 1992) . According to GMAS (2005) and BC guidelines (2005) , the following are the key considerations for condition assessment:
• Identification of system's critical elements and inventory • Selection of the appropriate condition assessment approach • Review original drawings and past records of inspection and major maintenance works.
• Inspection to assess condition of assets • Determination of condition index • Identification of maintenance needs and practices • Estimation of time frame for actions and next assessment.
The Ministry of the Environment (MOE) of Ontario has developed the 'Drinking Water Inspections Protocol' (the Protocol) to guide its drinking water inspections for assessment purposes (in effect as of 2002). This comprehensive protocol includes the inspection of source, treatment and distribution of drinking water systems.
According to Guidance for Safe Drinking Water in Canada (2001) stated "the assessment of the drinking water supply forms the basis of all activities related to providing the cleanest, safest, most reliable drinking water to the public." Therefore, the comprehensive assessment process should identify the characteristics of the water source, potential hazards and risks caused by those hazards. In addition, the process should allow the determination of the best management practice to mitigate these risks.
The factors related to water infrastructure from source to end user were developed by the Saskatchewan Waterworks System Assessment (WSA) Standards, which included: a) Treatment process, b) Equipment condition and sizing, c) Control and instrumentation, d) Chemicals applied and their dosage, e) Operation and maintenance practices, etc. Other sources, such as the Pennsylvania Department of Environmental Protection has evaluated the state of water treatment plants using the following information: a) Operational control of the plant, especially chemical pre-treatment and filter operation; b) Physical condition of the plant and its equipment; c) Water quality data, including the plant's long-term turbidity performance and turbidity and particle count profiles of one of the filters; and, Literature review also implied that design considerations (durability aspects, design life, etc) and quality control at construction phase had an impact on the condition of WTP. The AHP and MAUT are used in this research because they deal with qualitative parameters in which their values are quantified effectively and the hierarchy structure of these techniques leads to handle multi-level criteria in the model.
Parameters that Affect the Condition of Water Treatment Plant Elements
A modern complete drinking water treatment plant is an extremely complex system consisting of many elements. After reviewing previous studies conducted on condition assessment of drinking water treatment plant elements, it is apparent that minimal work has been done on plant elements. Most of the research focused on water mains or the water supply system as a whole. It can be considered that many condition parameters of water mains and water supply systems will be applicable to treatment plant elements as well. The factors affecting the deterioration of buried water infrastructure (i.e. water mains) can be classified in a few categories such as operational, environmental, and physical (Al-Barqawi and Zayed, 2006 a & b). There could be static factors (i.e. material size) and dynamic variables, such as age and temperature (Kleiner 2001, Rajani and Kleiner, 2002) . Researchers concluded that corrosion could be the most important factor contributing to structural failure of iron water mains. The potential for soil corrosivity can expedite the corrosion process (Najjaran et al. 2004 and Sadiq et al. 2004) . Best Practices (2003) classified the factors that contribute to deterioration of water infrastructure into: (i) physical factors: structural strength, type of material, dimensions, actual age, and coatings (ii) Environmental factors: weather, soil, geographic location and seismic activity, and (iii) Operational factors: operation and maintenance practice, flow velocity and control. Figure 2 shows a chronological brief description of major study steps that have been accomplished to develop the condition assessment for selected WTP elements. A comprehensive literature review is conducted followed by data collection and analysis as well as model development using AHP and MAUT techniques. A condition rating scale is developed based on experts' opinion. Finally, sensitivity analysis is performed and a web version of the model is developed in order to interpret the condition assessment of WTP elements. Literature review is performed to check the existing assessment techniques and models, their limitations, and condition parameters. The following sections discuss the various steps of research methodology.
Research Methodology

Data Collection
In order to collect the required information, a detailed survey questionnaire was prepared. The target group included operation managers, designers, researchers and regulators. The questionnaire consists of two main parts: 1) contains comparison matrices to estimate weights and 2) collects parameters with various condition scenarios in order to measure preferences in terms of their contribution to the overall condition of a WTP element. Five experts tested the questionnaire before sending it to all potential experts. Seventy questionnaires were sent to the experts and thirty-two (46 %) were received complete. The model parameters cover design, construction, and operational phases. Accordingly, the 32 respondents include operators (17), consultants (5), designers (3), researchers (3) and water resources engineers (4). Figure 3 displays the percentage of each respondent group, which is dominated by operators (53%).
Development of Condition Rating Model
Three elements of WTP were targeted in the model development and analysis: tanks or basins and two types of pumps. Condition rating model parameters were defined based on MAUT and AHP principles. Through the questionnaire, experts provided inputs in the relative importance of model parameters. They assigned preference scores for the parameters on the basis of predefined scenarios using a scale of 0-10 ( Figure 4) . To measure the preferences (utility or value) in terms of condition rating, each parameter was introduced with quantitative or qualitative measures (scenarios). To attain the model output, AHP was used to calculate the relative weights of parameters. Their decomposed weights were subsequently determined. The overall condition rating index (CRI) was obtained using parameter's composite relative weight and the preference scores as shown in Equation-1. To aggregate the CRI for all model parameters, a multi-criteria additive value function was used. Finally, uncertainty was introduced to the model by applying probability distributions for each preference score using Monte Carlo simulations. 
Analysis of Study Results
Relative Weights
Relative weights of categories for all elements are estimated. In tanks, the average values of category weights are presented in Table 1 . It shows that physical (design & construction stages) have maximum importance (32%); however, operational category have maximum importance (34%) for pumps (Table 2) . Similarly, the weight of all parameters under each category can be determined. After determining the relative weights of categories and parameters, the decomposed weights of both sets of parameters are determined. The arithmetic means of the decomposed weights are shown in Figures 5 and 6 for tanks and pumps, respectively. Based on these figures, it is noted that the most important parameters are a.1 (Design considerations) and d.2 (Operation & Maintenance practices) for tanks and pumps, respectively; however, the least important parameter is b.3 (Coating/paint). There is no parameter has been assigned more than 12% importance. It is found that designers, consultants, and operators share similar views regarding the relative importance of parameters; however, researchers have a different view. 
Preference Scores
To measure preferences or utility in terms of assessing condition, each parameter is defined under possible scenarios of an in-service target element. Even the scenarios are similar; respondents judge preference scores for each element separately. Therefore, three elements under each tank have one set of scenarios but three set of preference scores. Similarly, two types of pumps have one set of scenarios but two sets of preference scores. Table 3 shows the average preference scores for parameters under Physical (Design & Construction Stages) category of tanks.
CRI Considering Least and Most preferred Scenarios
Considering the scores assigned by experts for the most preferred and the least preferred scenarios, CRI values are calculated from the model (Equation-2) for tanks and pumps. These CRI values are used in order to establish the average maximum and minimum expected CRIs. Results imply that CRI values for tanks range from 1.98 to 9.64 and from 3.36 to 9.66 for pumps using a 0-10 scale.
Conclusions
Condition assessment models are developed for WTP elements (i.e. Tanks, Basins, and Pumps). Results show that none of the developed models' parameters appear to be dominant. The average CRI for settling tank and raw water pumps is 9.63 and 9.66, respectively; however, considering the least preferred scenarios, the average CRI is 1.98 and 3.54, respectively. Most of the preference scores follow normal distributions. The developed models are validated in which they show adequate robustness. The assessment tool will help owners/operators to plan short term and long term O&M activities effectively, provide information to the designer and to give an emphasis on certain factors. Regulators and policy makers will have information to prioritize their actions. In the absence of any standard condition assessment tool for a WTP element, a CR scale will be useful for practitioners and engineers dedicated to designing, assessing and operating WTPs. 
